Yeasts form mutualistic interactions with insects. Hallmarks of this 24 interaction include provision of essential nutrients, while insects facilitate yeast 25 dispersal and growth on plant substrates. A phylogenetically ancient, chemical 26 dialogue coordinates this interaction, where the vocabulary, the volatile chemicals 27 that mediate the insect response, remains largely unknown. Here, we employed gas 28 chromatography-mass spectrometry (GC-MS), followed by hierarchical cluster 29 (HCA) and orthogonal partial least square discriminant analysis (OPLS-DA), to 30 profile the volatomes of six Metschnikowia spp., Cryptococcus nemorosus and 31 brewer's yeast Saccharomyces cerevisiae. The yeasts, which are all found in 32 association with insects feeding on foliage or fruit, emit characteristic, species-33 specific volatile blends that reflect the phylogenetic context. Species-specificity of 34 these volatome profiles aligned with differential feeding of cotton leafworm larvae 35 Spodoptera littoralis on these yeasts. Bioactivity correlates with yeast ecology; 36 phylloplane species elicited a stronger response than fruit yeasts, and larval 37 discrimination may provide a mechanism for establishment of insect-yeast 38 associations. The yeast volatomes contained a suite of insect attractants known from 39 plant and especially floral headspace, including (Z)-hexenyl acetate, ethyl (2E,4Z)-40 deca-2,4-dienoate (pear ester), (3E)-4,8-dimethylnona-1,3,7-triene (DMNT), linalool, 41 α-terpineol, β-myrcene or (E,E)-a-farnesene. A wide overlap of yeast and plant 42 volatiles, notably floral scents further emphasizes the prominent role of yeasts in 43 plant-microbe-insect relationships including pollination. The knowledge of insect-44 Ljunggren et al. -p. 3 yeast interactions can be readily brought to practical application, live yeasts or yeast 45 metabolites mediating insect attraction provide an ample toolbox for the 46 development of sustainable insect management. 47 IMPORTANCE Yeasts interface insect herbivores with their food plants. 48 Communication depends on volatile metabolites, and decoding this chemical 49 dialogue is key to understanding the ecology of insect-yeast interactions. This study 50 explores the volatomes of eight yeast species which have been isolated from foliage, 51 flowers or fruit, and from plant-feeding insects. They each release a rich bouquet of 52 volatile metabolites, including a suite of known insect attractants from plant and 53 floral scent. This overlap underlines the phylogenetic dimension of insect-yeast 54 associations, which according to the fossil record, long predate the appearance of 55 flowering plants. Volatome composition is characteristic for each species, aligns with 56 yeast taxonomy, and is further reflected by a differential behavioural response of 57 cotton leafworm larvae, which naturally feed on foliage of a wide spectrum of broad-58 leaved plants. Larval discrimination may establish and maintain associations with 59 yeasts and is also a substrate for designing sustainable insect management 60 techniques. 61 KEYWORDS Yeast volatome, metabolomic profile, floral odorants, chemical 62 signals, larval attraction, olfaction, Noctuidae, Lepidoptera 63 64 Microorganisms essentially interface plants and insects (1-4). Invisibly, 65 microorganisms broadcast a rich bouquet of volatile metabolites to mediate 66 communication with other microorganisms, plants and associated animals (5-7). 67 Ljunggren et al. -p. 4
for yeasts (17, 19) . Many of these yeast-produced compounds, including terpenoids 115 such as linaool and farnesenes, and esters, such as pear ester, have also been found in 116 plant headspace (18). 117 Figure 2 compares the volatomes of these eight yeasts. Variation across replicates is 118 substantial, despite rigorous protocols employed for yeast growing and headspace 119 collection. However, species could still be separated according to headspace 120 composition by a discriminant analysis (OPLS-DA M1, R 2 X (cum) = 0.768; R 2 Y (cum) = 121 0.918; Q 2 (cum) = 0.756) resulting in 7 predictive components that explain 63% of the 122 entire variation. Especially after grouping compounds into 14 groups by hierarchical 123 cluster analysis (HCA) using the M1 loadings, Figure 2 further visualises that 124 headspace composition is characteristic for each yeast. 125 sequencing the D1/D2 LSU rRNA gene, showing 99% similarity with the sequence 137 obtained from M. fructicola (NCBI accession number KC411961, Figure 1 ). 138
A three-dimensional score plot of the first three predictive components of M1 show 139 that M. hawaiiensis and M. saccharicola clearly separate according to the first three 140 dimensions and that the other species are clustering with little overlap (Figure 3 ). 141
The remaining species diverged in the remaining dimensions and by HCA of M1 142 scores (data not shown). Internal model robustness validation was performed by 143 randomly excluding three observations for each yeast. So as to keep at least three 144 observations, only one replicate was removed for M. andauensis and S. cerevisiae Table S1 ; 17, 19) . They also contained several yet unknown compounds, which were 160 not found in commercial or our own libraries, and which did not match commercially 161 available standards. Supplemental Table S1 ). 169
The volatome of M. hawaiiensis was clearly separated from the other Metschnikowia 170 spp. (Figures 2, 3) , methyl esters were key compounds in headspace class separation 171 ( Supplemental Table S1 ). Perhaps coincidentally, two sulphur-containing 172 compounds, methyl 3-methylthio-propanoate and 3-methylsulfanylpropan-1-ol, sulcatone, which showed a high correlation with butyl butanoate. Two methyl-
DISCUSSION 228
The yeasts studied here occur on plants, and in connection with insect larvae feeding 229 on these plants. A rich volatome found in all eight species may serve interactions 230 within and between microbial taxa. Presence of many odor-active compounds also 231 supports the idea that yeasts require animal vectors for dispersal and outbreeding. 232
Unlike fungal spores, yeast spores are not adapted for wind-borne transmission. 233
Needle-shaped ascospores, which are frequently found in the Metschnikowia clade, 234 promote dispersal by flower-visiting flies, beetles and bees. Yeasts, on the other 235 hand, provide nutritional services to insect larvae and adults (26, 27, 30, 31, 33, 40, 236 75-78) . 237
Larvae of cotton leafworm S. littoralis that naturally feed on foliage of a broad range 238 of annual plants (79, 80) were attracted to volatiles of three yeasts ( Figure 4 ). Figure  239 2 illustrates that yeast headspace is at least as rich and complex as headspace of their 240 food plants (91, 92), and that also many yeast compounds, including terpenoids, are 241 shared by these plants. This raises the question whether larvae of insect herbivores 242 become attracted to plant or to yeast odour for feeding, or both. Especially for insect 243 species found on a range of plant species, such as S. littoralis, volatiles from plant-244 associated yeasts may be sufficiently reliable signals, especially when these yeasts 245 are part of the larval diet. 246
The question to which extent yeast vs plant volatiles contribute to oviposition and 247 larval feeding has been formally addressed in Drosophila melanogaster, where 248 brewer's yeast headspace alone elicits attraction and oviposition. Drosophila larvae 249 complete their entire development on yeast growing on minimal medium, which 250 supports the conclusion that the fruit merely serves as a substrate for yeast growth 251 (40). In comparison, strict dissection of plant and microbial components is 252 experimentally difficult in insects that require foliage for feeding. For example, 253 grape moth Paralobesia viteana was attracted to grape leaves after washing off 254 microbial colonies, but the participating role of microbes remaining on foliage or 255 endophytes is yet unresolved (93). The overall species-specific volatome patterns showed variation between replicates, 296 even though growth conditions were strictly controlled and sampling intervals 297 and green, (Dr. Oetker Sverige AB, Göteborg, SE) were used at 1:10 dilution to color 488 yeast and minimal medium, in order to distinguish between the larvae that fed on 489 yeast medium, blank medium or both. Preliminary tests did not show a bias in larval 490 attraction to the different colorants (N=30; F=1.529; p=0.222; ANOVA). 491
Ten starved neonate larvae were collected 24 to 36 h after hatching and were placed 492 in the centre of the petri dish with a fine brush. The dish was covered with a lid to 493 prevent the larvae from escaping, and larvae were left to feed for 2 h. They were then 494 checked under a microscope for their gut coloration. Ten independent replicates with 495 10 neonate larvae were done for each yeast. The larvae response index (LRI) was 496 calculated from the number of larvae feeding on the yeast treatment (nY) and control 497 Three methods were used to validate the multivariate models. Internal cross 510 validation (CV) was done with eight CV-groups of dissimilar observations. A 511 permutation test, by randomization of the class vector, was used to test for the 512 presence of spurious correlations between volatile profiles and class membership by 513 fitting each permutation to a new PLS-DA model and observing the resulting 514 explained variance and predictive power. Finally, an internal validation set of 515 observations that spanned the multivariate space for each model was inspected for 516 any large deviations. 517
Larval feeding of S. littoralis on yeasts was compared using Student's t-test, with the 518 level of significance set to p=0.05. 519
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